Limited research on hill farm production systems has been reported, and much of it has been conducted in Scotland, Wales, and New Zealand. Lambert et al. (1983) conducted a grazing trial on low-fertility hill land in New Zealand. Over a 6-yr period, they increased the stocking rate from 6.5 to 12.0 ewes ha -1 on the lowfertilizer treatment and from 8.8 to 16.1 on the high-fertilizer treatment. The high-fertilizer treatment grew 21 to 50% more herbage over the last 5 yr of the experiment. Rotationally grazed pastures grew about 12% more herbage annually than set stocked pastures. Slope had a strong negative relationship with herbage accumulation, with the effect of aspect being less marked. Milton and Davies (1947) concluded that controlled grazing of hill pasture in Wales had a great effect on herbage production, which they attributed to the "concentration of animal manure and of treading" ensuring "complete and regular defoliation of the herbage. " Hunter (1962) studied the grazing preferences of sheep on hill pasture stocked at 1.4 ewes ha -1 . Sheep preferences varied seasonally among nine sward types. He concluded that, on a hill pasture with little control of grazing, there is an imbalance between herbage production, amount grazed, and manurial return, probably leading to pasture degeneration.
In Appalachia, forage production follows a predictable annual cycle varying from abundant growth to no growth (Bryan and Mills, 1988) . Livestock production systems based on the annual production of young stock require availability of feed all year long. Thus, profitable management of grassland and animals must involve meeting a relatively constant feed demand with a highly variable rate of grass growth (Bell et al., 2017; Vipond and Frater, 2017) . Variations in slope within each farm affect what type and size of equipment can be used. Both grazing management and equipment can affect soil conservation practices (Boyer et al., 1990) .
Profitable ruminant production from hill land grassland depends on its production utilizing low external inputs and converting as much of that herbage as possible to marketable animal product. In addition, grassland in hill land areas presents the challenge that some of the area is too steep for mechanization of harvesting and application of plant nutrients. Grazing is the only management that can be readily and sustainably used. Steeper slopes are difficult to traverse with haying equipment. A utilization system, developed in Scotland (Mayne et al., 2000) , assigned three managements or uses to permanent grassland. We used this system in the experiment reported here. We designate these three uses as (i) pasture, (ii) buffer, and (iii) hay. The primary use of pasture and hay is as the designation implies. The idea of the buffer is that the herbage can be either harvested as hay or grazed, depending on forage availability and demand within the livestock production system. Designating areas of grassland within the farm to different uses can reduce the risk of scarcity or excess of feed brought about by annual fluctuations in temperature and precipitation. Illius et al. (1987) recommended that 25 to 30% of the grassland be managed as a buffer area. When sward height fell below 5 cm on the pasture area, they moved cattle to the buffer.
Recent adoption of a grazing requirement in the National Organic Program (USDA, 2000) regulations for organic ruminant production has strengthened integration of plant and ruminant animal production. The research reported here was conducted on a certified organic farm with the goal of adding value to spring-born, grassfed lambs. Products from grass-fed animals are now widely viewed as more beneficial to human health than animals raised primarily on grain. Integration of plant and animal production also provides a mechanism for recycling of nutrients and reducing the need for fer-tilizer inputs. Management of grassland and animals can be used to redistribute nutrients within the farm and maintain soil quality.
The research reported here was the permanent grassland part of a crop-livestock farming systems experiment initiated in 1999 with the start of the West Virginia University (WVU) Organic Crop-Livestock Research Farm, certified in 2003 . Basweti et al. (2018 published the results of that part of the experiment involving cultivated fields, annual crops, and ley. The permanent grassland part of the farming systems experiment, the results of which are reported here, provided the majority of the feed for the ewes and lambs included in that experiment. The objective of the permanent grassland part of the experiment was to compare the effects of low and high (manure application early in the experiment) external inputs and grassland use on herbage production and soil quality over a 10-yr period (from 2002 to 2011). The hypotheses were that manure (high external inputs) will increase forage production and soil quality and that assigning one-third of the grassland to pasture, one-third to hay (two cuts followed by grazing), and and one-third to buffer (one cut of hay followed by grazing) will not affect herbage production or soil quality.
MATERIALS AND METHODS
The experiment was performed on the WVU Organic Crop-Livestock Research Farm in Morgantown (39°39¢ N, 79°55¢ W, 370 m asl). This farm had been managed for conventional fruit and vegetable production for over 80 yr, and organic production methods were initiated in 1999. Annual precipitation averages 1069 mm, and average monthly temperatures range from -3 to 21.5°C (Fig. 1) . The topography is rolling, with slopes between 0 and 20%. Two soils series are mapped in the experimental area: Dormont (fine-loamy, mixed, superactive, mesic Oxyaquic Hapludalfs) and Guernsey (fine, mixed, superactive, mesic Aquic Hapludalfs). In November 1999, the area was divided into three blocks based on previous use and soil series. Blocks I and III were on grassland, primarily composed of tall fescue (Festuca arundinacea L.), Kentucky bluegrass (Poa pratensis L.), and orchardgrass (Dactylis glomerata L.). Block II was an apple orchard with a tall fescue soil cover. Trees were bulldozed out, and Block II was plowed in March 2000. Pennlate orchardgrass (17 kg ha -1 ) and Cinnamon red clover (Trifolium pretense L.) at 8 kg ha -1 were seeded into this area with a Brillion seeder. Approximately 2.9 ha was assigned to a small farming systems experiment. That part of the farming systems experiment reported here consisted of 18 grassland fields, each 1132 m 2 in Blocks I and III and 836 m 2 in Block II. These fields were assigned to two of these farming systems. Results from the permanent grassland fields are presented in this report, and a diagrammatic representation of one treatment and block of the complete crop-livestock farming system is shown in Fig. 2 . Of the total area assigned to each of these two systems, 87.5% was in permanent grassland. Grazing was rotational at an annually fixed stocking, the rate and class of sheep being decided in mid-April each year. These two farming system treatments each had three grassland fields, and animals spent most of the year on these fields. As needed and appropriate, sheep assigned to these systems were allowed to rotationally graze the cultivated fields assigned to their system. Results from the cultivated fields have been published by Basweti et al. (2018) .
The farming system treatments, of which the grassland fields were a part, replicated three times, were low and high external inputs. The nine grassland fields included in the high-external-inputs treatment received manure, whereas those assigned to the low-external-inputs treatment did not. Within each block, three managements or uses were assigned: pasture, buffer, and hay. Fields assigned to pasture use were never cut for hay. Those assigned to hay were cut twice for hay followed by grazing. Those assigned to buffer were cut once for hay followed by grazing. Between 7 and 19 Mar. 2000, all grassland fields in Blocks I and III were grazed heavily with yearling cattle (49 ha -1 ) and overseeded with 7 kg ha -1 Cinnamon red clover. Soil was sampled in February and March 2000, before lime and manure applications, by taking 15 cores along established transects in each field using a chrome-plated alloy steel soil probe. Depth of soil sample was 5 cm. These cores were air dried and mixed, and pH, organic matter concentration, and Mehlich I-extractable P, K, Ca, and Mg were determined by the WVU Soil Testing Laboratory. This soil sampling procedure was repeated in autumn 2000 and each succeeding autumn until 2011, when the experiment ended. In March 2000, all fields received applications of lime (2970-6500 kg ha -1 ) to bring soil pH above 6.2. Manure was obtained from the WVU Livestock Farm. It was partially composted dairy manure mixed with pine shavings and tree trimmings. One or two samples of each lot were analyzed by the WV Department of Agriculture Nutrient Management Lab, and density was determined at time of sampling to calibrate application. A total of 31,800 kg ha -1 manure was applied, with 70% applied in 2000 and 30% in 2003. A total of 150, 50, and 120 kg ha -1 N, P, and K, respectively, was applied. Fields seeded to orchardgrass and red clover were mowed two or three times during 2000 to control weeds. Cut vegetation was not removed. Thirty ewe lambs were purchased in early 2001 and allowed to graze the fields rotationally in April and May, at a stocking density of 76 to 132 head ha -1 d -1 . Hay use fields were grazed first, followed by buffer and pasture. All fields were grazed to a similar residual herbage mass (3.5-4.4 cm sward height, using the method of Rayburn and Rayburn [1998] ).
Starting in April 2002, grassland use treatments were applied. During a use event, all fields of a particular use were grazed sequentially by two sheep flocks, with one flock assigned to the low-external-inputs treatment and the other to the highexternal-inputs treatment. Hay from hay-and buffer-use fields was fed to pregnant ewes in the field from January to March such that sheep droppings and residues were distributed over each entire field of hay and buffer uses. Animals were assigned to each treatment flock at the start of the growing season and remained on their respective treatments until the end of the growing season. This rate varied over the years of the experiment from 6 to 10 ewes and 10 to 16 lambs ha -1 (born during the first half of April). Because it was assumed that herbage production on lowexternal-inputs fields would be lower than that on high-externalinputs fields, the stocking rate on the highexternal-inputs treatment was 17 to 26% higher each year compared with that on the low-external-inputs treatment fields. Ewes and their lambs were the assigned animals except in 2007 and 2008, when yearling ewe-lambs were used. Individual fields were divided into up to 20 paddocks, depending on available herbage. Animals occupied a paddock for 1 to 3 d at a grazing event and did not return until after a minimum of 56 d. The grazing management was designed to control internal parasites and was based on the work of Veglia (1915) . Animals obtained 90 to 95% of their forage from the permanent grassland, grazed or as hay. They also grazed the cultivated fields that were part of the farming systems experiment. Animals grazed the cultivated fields according to either crop or animal need. In years when there was an excess of forage, cultivated fields were grazed primarily to control weeds. A generalized 12-mo grazing regimen is shown in Table 1 . When forage was in short supply, cultivated fields were grazed more frequently. For ease of management during the breeding season, animals were removed in early November and kept on adjacent reserve grassland. Two flocks occupied buffer and hay use fields between January and mid-April. Occupancy lasted the number of days needed to provide the grazing pressure that would have occurred had the ewes assigned the previous April continued uninterrupted from November to mid-April and fed the hay harvested during the preceding growing season from those fields. Hay was fed twice a day and placed on different areas within each field to ensure even coverage over the entire field. Herbage mass was estimated in one of three ways (the same method was used at each harvest in all fields):
1. Two or three strips were clipped with a sickle bar mower, and length of strip measured. Vegetation was weighed; subsampled for separation into grass, legume, forbs, and dead material; dried; and weighed. Herbage mass was then determined using the calculated percent dry matter. 2. Three quadrats (0.84 × 0.22 m) were hand clipped at soil level.
Vegetation was separated into grass, legume, forbs, and dead material; dried at 65°C for 48 h; and weighed. 3. Sward was measured with a plate meter as described by Rayburn and Rayburn (1998) . Herbage mass was then estimated using the formula: Herbage mass = (average sward plate meter height in cm) × 231 -81.9 (Prediction equation from paired data, herbage mass and average sward plate meter height, using methodology of Bryan et al., 1990) . Method 1 was used for first cut hay. Method 2 was used for pregrazing and aftermath hay. Method 3 was used when herbage mass was less than 1500 kg ha -1 , and post-grazing residual.
The experiment was designed as a randomized complete block and analyzed as a split plot over time using the GLM procedure of SAS (SAS Institute, 2010). For the animal performance data within flock variability was used as the error term.
RESULTS AND DISCUSSION
Thirty-year normal average monthly temperatures and precipitation for the nearby Morgantown Airport are given in Fig. 1 . In most years precipitation was below normal and temperature above average. From March to July 2002, May to November 2003, and May to July 2010 precipitation was normal or above. From 2004 to 2008 the months of April to June, during which most herbage growth usually occurs (Bryan and Mills, 1988) , were below normal in precipitation. In 2009, in spite of being below normal most of the year, precipitation in May was above normal. These variations in precipitation probably explain some of the year-to-year differences in herbage accumulation (Fig. 3) . Production reached a high in 2003 and then dropped in 2004 and 2005 after which it remained steady with little variation between years. Precipitation was above normal from May to November in 2003 and manure had been applied to the high-external-inputs treatment fields, 31 Mar. 10 buffer and hay 16 3 † No animals were on the grassland in Periods 5 and 6. Because flocks were small, ewes were returned to the farm flock during breeding. The number of ewes assigned in Periods 8 and 9 was increased to compensate. ‡ Pasture, grazed only; buffer, first cut hay, grazed; hay, first and second cut hay, grazed. which could explain this high herbage mass accumulation. Precipitation in the months of maximum herbage growth was below normal in most of the succeeding years but the interaction between years and external inputs treatment was not significant.
Annual herbage dry matter accumulation was almost 10% higher on fields to which manure was applied early in the course of the experiment (Table 2 ). Although stocking rate was set arbitrarily higher on the high external inputs fields there was no significant effect of the external inputs treatment on animal performance (Table 3) . Because stocking rate was not a treatment, we cannot draw conclusions about its effects on grassland or animal performance. However, we suggest that the addition of relatively small amounts of plant nutrients in two of the early years of the experiment combined with an increase in stocking rate, relative to the treatment not receiving manure, increased the rate of cycling thus permitting similar animal performance and an almost 30% higher lamb liveweight gain ha -1 . Percentage forbs was lower in fields to which manure had been applied and percentages grass, legume, and dead material was not different (Table 2) . Lambert et al. (1983) compared low and high fertilizer in hill country in New Zealand and added 35% more sheep to the high fertilizer grazing system. They recorded 21 to 50% more herbage in the high fertilizer system over the last 5 yr of their experiment.
Use had a significant effect on annual herbage accumulation and percentage grass, forbs, and dead material but not on percentage legume (Table 2 ). Although differences between uses were small and there was a significant interaction with year annual herbage accumulation increased in the order pasture, buffer, and hay. Fields used only for pasture had less grass, more forbs and dead material than buffer and hay use fields but there were interactions between use and year for grass, forbs, and dead material. For herbage mass accumulation and components of botanical composition there were no interactions between external inputs and use. Variations in weather both within and between years influenced herbage accumulation ( Fig. 3) and botanical composition. Because 45 to 75% of annual herbage accumulation is usually produced from mid-April through early June (Bryan and Mills, 1988) , restricting grazing animals to one-third of the available grassland area and harvesting hay from the other two-thirds promoted both hay production and efficiency of pasture utilization. Bryan and Mills (1988) reported that more frequent harvests, characteristic of rotational grazing, provided a more even distribution of herbage accumulation during the growing season compared with less frequent harvests, characteristic of hay production. In addition, they reported that, in a dry year, herbage accumulation was not affected by management. These variations could be expected to have just small effects on response to external inputs but make comparisons between uses difficult. Buffer and hay use could be expected to produce more herbage mass as first-cut hay than pasture during the period of the year (April-June) Buffer 9,820 78 9 9 5
Hay 10,310 78 9 9 4
Significance * ** ns ** ** * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. † Low, lime only; high, lime and manure in 2000 and 2003. ‡ Not significant. § Pasture, grazed only; buffer, first cut hay, grazed; hay, first and second cut hay, grazed. when growth rate is highest, as reported by Bryan and Mills (1988) . Average percentage legume was almost 10, with no effects of treatments, which would have contributed significantly to herbage accumulation and nutritive value in all fields.
There were no differences in ewe or lamb performance between the low-and high-external-inputs treatments (Table 3) . Lambs gained an average of 127 g head -1 d -1 , and ewes gained an average of 44 g head -1 d -1 . Because more lambs were present (arbitrary differences in stocking rate) in the high-external-inputs fields, annual production per hectare was correspondingly greater (225 kg ha -1 on low-external-inputs compared with 290 on highexternal-inputs treatment). On similar Kentucky bluegrass and orchardgrass pasture Adandedjan et al. (1987) reported average lamb performance results of 180 g head -1 d -1 and 252 kg ha -1 . Available soil P, K, Ca, and Mg concentrations were increased by the addition of manure to the high-external-inputs fields (Table 4 ). These effects were probably the result of the application of manure in Years 1 and 3 of the experiment but can be attributed to the increased rate of cycling due to the higher stocking rate. Available K and Mg were highest under pasture management and decreased in the order pasture, buffer, and hay uses. Available soil K was increased by manure on pasture use fields but not on buffer and hay uses (Fig. 4) . This interaction may have been due to more rapid cycling under pasture use compared with buffer and hay uses and to removal of K in hay. Because the stocking density was highest under pasture use, this would also have contributed to more available soil K with this grassland use at the high level of external inputs. Available K in pasture soil increased over the course of the experiment, whereas it did not change with time in buffer and hay soil (Fig. 5) . This result illustrates how grazing can increase soil quality through cycling of nutrients. Nutrient cycling also took place in buffer-use and hay-use fields because the hay was fed on the fields and distributed to cover the entire field. There was a trend for soil K concentration to be higher under buffer use compared with hay use. This could have been due to more grazing events on the buffer-use fields. Franzluebbers and Stuedemann (2010) report that grazing can improve the quality and functionality of soils. However, careful management is required to avoid negative effects, especially to soil physical properties (Lambert et al., 1983) .
CONCLUSIONS
Our fist hypothesis-that addition of manure to the highexternal-input fields would increase forage production and soil quality-was found to be correct. However, unexpected was our finding that these increases persisted through the 10-yr period of the experiment. Apportioned over those 10 yr, the addition of N, P, and K corresponded to just 15, 5, and 12 kg ha -1 yr -1 , respectively. These are relatively small additions of nutrients and probably could have been applied once at the start of the experiment with similar results. This result has important implications for grassland management on hill land. Although the production response we obtained from these added nutrients was also linked to a higher stocking rate and the feeding of hay on the area from which it was harvested, we provide evidence that low and infrequent fertilization can lead to a significant increase in farm production. Further research needs to be conducted to better understand application amounts and frequency, interactions with stocking rate, and hay feeding techniques.
Our second hypothesis-that forage production and soil quality would not be affected by grassland use-was found to be partially correct. Year-to-year variability in annual forage production was high, with no significant interaction between use and year. However, we found a significant increase in available soil K over time on fields used exclusively as pasture, whereas soil K on bufferand hay-use fields was lower, with a tendency for K level in hay-use fields to be less than in buffer-use fields. We deduce that grassland use with two hay cuts and fewer grazing events (hay) tends to lower soil K compared with buffer use with one hay cut and more grazing events. Further research is needed to examine how best to feed hay back on the grassland from which it was harvested.
For purposes of use, hill grassland can be grouped according to prevailing slope into cultivatable, mowable, and grazeable areas. In a typical Appalachian hill land farm, all the area can be grazed, but <15% of the area can be cultivated, and <30% can be harvested easily for hay. In addition, a sizable proportion of the pasture use area is difficult to fertilize. Our experimental area was not a typical hill land farm, with a much larger area harvested (66%), and only 33% of the area was restricted to grazing only.
We conclude, however, that a hill land farmer could adapt our strategy of land use to increase output and soil quality. Key to this strategy is a high intensity of management, both of the grazing animal and the grassland-soil complex. Both Hunter (1962) and Dorrough et al. (2004) report that controlled grazing leads to improved herbage utilization. On hill land, Hunter advocated careful siting of fences in relation to botanical composition and topography. We suggest that grazing behavior and herbage utilization will also be influenced by animal type and interaction with topography, requiring additional considerations in farming systems research. In addition, profitable hill land farming requires low external inputs to be sustainable. Further research on farming systems is required using a land area with a higher proportion of pasture use grassland than in our experiment. Grazing research must also take into account the considerable stability in these systems, which may frustrate attempts to improve their biological efficiency (Illius et al., 1987) .
